Abstract We report on the isolation and characterization of several genes responsive to wounding in the tropical endangered tree Aquilaria malaccensis. Wounding triggers the formation of a fragrant substance inside the tree stem. Deduced amino acid of the cloned sequences exhibited sequence similarities to their respective homologs: transcription factors of the WRKY gene family (AmWRKY) and β-1,3-glucanase (AmGLU). A homolog to phenylalanine ammonia-lyase (AmPAL) from previous work was also included. All cDNA sequences were of partial lengths. We studied their expression profiles in a wounding-stress experiment. Mechanical wounding induces AmWRKY in an early response to wounding (3 h), and elevates AmPAL and AmGLU expressions after 16 h. It is possible that AmWRKY mediates early wounding response while AmPAL mediates response to fungal infection by coinducing AmGLU. Their homologs in other plants are known to inhibit fungal growth. Our data provide the first insight into the mechanisms of wounding responses in Aquilaria.
Introduction
Aquilaria malaccensis from natural forests in Malaysia is a major producer of agarwood for international trade. Knowledge on the mechanisms by which agarwood is induced and produced in the tree stem is literally unknown. In higher plants, many defense strategies have evolved to fight off numerous environmental factors such as pathogen attack, wounding by insects or by mechanical means, and abiotic stress. Wounding triggers a defense system that synthesizes secondary metabolites, in particular terpenes, phenolics, and alkaloids, via the phenylpropanoid pathway (Bonaventure and Baldwin 2010) . In Aquilaria, the major defense metabolites produced in agarwood-containing wood are derivatives of terpenes, phenolics, and chromones (Naef 2011) , which are known for their defensive roles against a broad spectrum of organisms (Walling 2009 ).
Plants respond to wounding and pathogen attack by activating a complex array of regulatory mechanisms to recognize and initiate defense responses. Studies have shown that wounding regulates a number of genes that are also regulated by or play a role in pathogen response, such as proteinase inhibitors, secondary metabolites, defense genes such as pathogenesis-related (PR) genes, and transcription factors Eulgem and Somssich 2007; Reymond et al. 2000) . Transcriptional factor proteins mediate the synthesis of secondary metabolites specifically via the phenylpropanoid pathway following wounding or stress (Davies and Schwinn 2003) . The transcriptional activation of defense-related genes also requires the expression of transcription factors. Several classes of transcription factors associated with plant defense responses against biotic and abiotic stress have been identified. Among them are the DNA-binding proteins containing WRKY domains that appear to be unique to plants (Eulgem et al. 2000; Eulgem and Somssich 2007) . WRKY transcription factors have regulatory functions in plant defense response (Skibbe et al. 2008) . In Arabidopsis and many other plant species, WRKY genes help to defend plants to a varied type of pathogens and abiotic stresses (Marchive et al. 2007) .
Plants respond to pathogen attack by activating a large number of genes in defense mechanisms such as the PR proteins (Van Loon et al. 2006) . Some PR proteins have been identified such as β-1,3-glucanases, which is often co-expressed in plants infected by pathogen (Kombrink and Somssich 1997) . β-1,3-glucanases is known to be induced during fungal infection (Liu et al. 2010; Van Loon et al. 2006) , together with chitinases, they can inhibit fungal growth by dissolving the tips of germ tubes and hyphae of the fungi, enhance resistance toward fungi, and thus contribute directly or indirectly to resistance to pathogen attack (Riviere et al. 2008; Sridevi et al. 2008) . Plant glucanases are a fundamental part of the defense mechanism against fungal pathogens; however, it is thought that they also have a role in cell differentiation (Donzelli et al. 2001) .
To induce agarwood production in Aquilaria, traditional gatherers often wound healthy trees in the forest using a hammer or a long-knife. They allow several months or years to lapse before revisiting the tree to harvest agarwood from the stem. It is of common knowledge that wounding plays a major role in agarwood formation and the resulting resin is part of this tree species response to defend the wounded site from invading environmental factors (Ito and Honda 2005; Subehan et al. 2005) . However, the role of fungi in eliciting resin production cannot be denied as more than a dozen varieties or genetic strains of fungi have been isolated from agarwood (Mohamed et al. 2010; Tabata et al. 2003) . Tree age is considered another important factor for a tree to produce agarwood. General observations deduced that in natural environment, agarwood is formed inside the tree stem of old Aquilaria tree. However, not all old trees contain agarwood. Only 10 % of naturally occurring mature trees above 20 years old or having a diameter at breast height of 20 cm or more may contain agarwood. It is also believed that tree of 50 years old or more produces the best yield of agarwood (Barden et al. 2000) . On the contrary, new evidence have shown that juvenile trees as young as 3 years old and cultivated, when given proper treatments have the capability to form agarwood (Naef 2011; Van Beek 2000) .
In this preliminary work, we studied the effect of wounding to the expression of several genes from A. malaccensis. Several candidate genes of various regulatory and defense functions were partially cloned, including the WRKY transcription factor, the defense gene β-1,3-glucanase (GLU), and the phenylalanine ammonia-lyase (PAL) gene of the phenylpropanoid pathway. In addition, two housekeeping genes, actin (ACT) and ubiquitin (UBQ), were also cloned for use in gene expression analyses. We report their expression patterns in woody tissues in a time course wounding stress experiment.
Materials and methods

Plant materials
Three-year old A. malaccensis saplings were purchased from local nurseries and kept under shade in the nursery at the Faculty of Forestry, Universiti Putra Malaysia (UPM). Saplings were grown under natural environment conditions in polybags, and were watered daily. These trees were used in the wounding experiment. For cloning WRKY, ACT, and UBQ, total RNAs were collected from the stem after 9 h of wounding, and for cloning GLU, the stem after 3 h of wounding was used.
Wounding treatment
A three-year old A. malaccensis tree was mechanically wounded using a drill machine equipped with a 3.5 mm diameter drill bit. The stem was drilled to a depth of 1 to 2 cm (depending on the stem diameter) to allow the wound to reach the xylem. Wounding proceeded in two straight lines from the apex to the base along two sectors of the circumference with each wound spaced at approximately 10 cm apart. Wounding started on 10 May 2009 by drilling a pair of holes dedicated for 30-day old wound. Fourteen days later on 24 May 2009, another pair was drilled 10 cm below the first pair and this went on as indicated in Fig. 1 . The stem was drilled at 0, 3, 6, 9, 12, 16, 24, 36 and 48 h and at 4, 8, 16 and 30 days, on a single tree. All samples were harvested on the same day (9 June 2009) at the same time after the last wound was made.
RNA isolation
Total RNA was isolated from 2 g of combined bark/wood tissue samples derived from the stem of drill-wounded A. malaccensis using Sodium Tris-EDTA-SDS (NTES) method (Jones et al. 1985) with slight modifications. DNase treatment was carried out using the DNA-free™ Kit (Ambion, USA), according to the manufacturer's instructions.
cDNA cloning
Degenerate primers were according to published work except for UBQ: WRKY gene, WRKY-1F (5′-TGGMGIAA RTAYGGNCARA-3′) and WRKY-1R (5′-TGRBYRTGYT TICCYTCRTAIGTDGT-3′) (Borrone et al. 2004) ; GLU gene, Glu-1F (5-CGCGGNGTNTGYTAYGG-3′) and Glu-1R (5′-CGCGGCCANCCNSWYTC-3′) (Jin et al. 1999) ; ACT gene, Act-1F (5′-GARAARATGCANCARATHATG-3′) and Act-1R (5′-TCNACRTCRCAYTTCATDAT-3′) (Matsui et al. 2004) ; and UBQ gene, UBQ-1F (5′-ATGC A R AT Y T T Y G T I A A R A C -3 ′ ) a n d U B Q -1 R ( 5 ′ -TRGTGGAGRGTKGAYTCYTT-3′). The cycle parameters were: an initial denaturation step of 94°C, 5 min (94°C for 1 min, annealing for 1 min, 72°C for 2.5 min)×40; 72°C, 10 min. The annealing temperatures were 50°C, 50°C, 55°C and 42°C, respectively. PCR products were cloned into the pGEM®-T Easy Vector (Promega, USA) and sequenced.
Isolation of a full-length AmUBQ and partial-length AmWRKY cDNAs RNA was isolated from 16 h and used for 5′-RACE and 3′-RACE. Based on the partial sequences of AmWRKY and AmUBQ, RACE primers were designed as follow: UBQ_5′ RACE g.s. outer primer (5′-GGAGGGTGGACTCC TTCTGA-3′), UBQ_5′ RACE g.s. inner primer (5′-CCAGCGAAGATCAGCCTCTG-3′), UBQ_3′ RACE g.s. outer primer (5′-GCTCACCCGGCAAGACGATCA-3′), WRKY_5′ RACE g.s. outer primer-1a (5′-TGTTA GGTCGGTTGGCAGAATG-3′), WRKY_5′ RACE g.s. inner primer-1a (5′-AGTAGCTCCTTGGATTGGGGTT-3′), WRKY_3′ RACE g.s. outer primer (5′-GGAAGTAT GGGCAGAAAGCA-3′). The 5′-and 3′-cDNA ends were amplified from RT reactions using the FirstChoice® RLM-RACE (Ambion, USA). For the 5′-cDNA end of the WRKY gene, the GeneRacer™ Kit (Invitrogen, USA) was used instead.
Quantitative real-time PCR (qPCR)
One μg of total RNA was used for cDNA synthesis using the QuantiTect® Reverse Transcription kit (Qiagen, USA). Triplicate quantitative assays were performed using the 2× SensiMix™ SYBR Low-ROX Kit (Bioline, UK) in the MX3005P™ QPCR Systems (Agilent Technologies, USA). PCR amplification reaction was carried out in 25 μl total volume of a mixture containing 12.5 μl of 2× SensiMix™ SYBR Low-ROX and 0.2 μM of each sequence-specific primer, except for UBQ gene where 0.1 μM was used instead. Genespecific primers were designed and analyzed using the Beacon Designer™ 7 software (Premier Biosoft, USA). Primer sequences are: WRKY gene, WRKY-F (5′-CAACCGACCTAACAACAAC-3′) and WRKY-R (5′-TAAATTGTGACCTGGGTTAC-3′); PAL gene, PAL-F (5′-GCCTTGCATGGTGGGAACTTTCAG-3′) and PAL-R (5′-GCCCTTGAAGCCGTAGTCCAG-3′); GLU gene, Glu-F (5′-AATACCGATGTAGAACTCAT-3′) and Glu-R (5′-TAGTAAGGA-AGAATGCTGTT-3′); ACT gene, Act-F (5′-AACAGTTGAGAAAACCTATG-3′) and Act-R (5′-TTCCATTCCAATCAGAGAAG-3′); and UBQ gene, UBQ-F (5′-CCTCTGACACGATTGACAACG-3′) and UBQ-R (5′-CACGGAGACGCAAGACAAG-3′). The cycling conditions were initial denaturation at 95°C for 10 min, followed by 40 cycles of 95°C for 30 s, 55°C for 1 min, and 72°C for 1 min. A melting curve was obtained by heating to 95°C for 1 min, cooling at 55°C for 30 s and slowly heating up to 95°C. , 3, 6, 9, 12, 16, 24, 36 and 48 h, and 4, 8, 16 and 30 days after wounding treatment on a single tree. Three hours after the last hole was made, the stem was harvested (9 June 2009) and split into two Analysis of qPCR data Quantification cycle (Cq) values were transformed to quantities using the comparative Cq method. The highest relative quantities for each gene were set to 1. After calculation of a normalization factor by geNorm method (Vandesompele et al. 2002) , the normalized gene of interest (GOI) expression levels were calculated by dividing the raw GOI quantities for each sample by the appropriate normalization factor. To calculate the standard deviation (SD) on the normalized gene of interest (GOI norm ) expression levels, the error propagation rules for independent variables was applied. Amplifications of AmACT and AmUBQ were used as reference genes to normalize all data.
Results
Isolation of putative WRKY transcription factor, β-1-3-glucanase, actin and ubiquitin cDNAs in Aquilaria malaccensis Based on advance knowledge on wound-inducible genes in model plant species, we began isolating several candidate genes from the wounded stem of A. malaccensis using reverse transcriptase-PCR amplification and degenerate primers, derived from conserved regions of the respective proteins from plants of diverse origins. One partial-length cDNA sequence belonging to group I of the WRKY protein family was isolated and named AmWRKY (Fig. 2) . The length of the cloned AmWRKY sequence is 953 bp. It has a single WRKYGQK domain, which is highly conserved among all WRKY proteins. The potential leucine-zippermotif known to allow protein dimerization and nuclear localization signal (Marchive et al. 2007 ), however, was not found in the N-terminal region of the fragment as the sequence is partial. Alignment of deduced amino acid sequences of AmWRKY and known WRKY proteins revealed a conserved WRKY domain region (Fig. 2 ). At the amino acid level, AmWRKY was most similar to Glycine max WRKY39 (67 % identities). The amplified cDNA sequence of the PR gene, β-1,3-glucanase (AmGLU) was 729 bp (Fig. 3) . Sequence analyses revealed that at amino acid level, the A. malaccensis β-glucanase was similar to soybean β-1,3-glucanase (81 % identities). In addition, we isolated two housekeeping genes from A. malaccensis to act as internal controls for expression studies. The actin (AmACT) gene fragment is 516 bp and the ubiquitin (AmUBQ) fragment is 676 bp (Fig. 4a and b) . AmACT was most similar to the actin protein from Populus trichocarpa (95 % identities at protein level) and AmUBQ had 100 % sequence identity to ubiquitin proteins from Zea mays, Cucumis sativus and Oryza sativa. Previously, we identified a cDNA fragment from A. malaccensis with high similarities to known PAL sequences, and named the sequence AmPAL (Wong and Mohamed 2009 ).
Mechanical wounding upregulated the expression of candidate WRKY, PAL and GLU genes in Aquilaria malaccensis
Putative roles of the selected genes in the regulation and synthesis of agarwood were investigated in a time course wounding experiment using a three-year old A. malaccensis tree in the shade house. The tree was wounded using a drill bit and total RNAs were extracted from the wounds, 3 to 48 h, and 4 to 30 days after treatment. Gene expression throughout the time course was monitored using quantitative reverse transcription-PCR (qRT-PCR) and the pattern compared between wounded and unwounded stem tissues (the control was 0 h and used as calibrator, where its expression was set to 1). Gene expression analysis on WRKY Fig. 2 Multiple sequence alignment of WRKY proteins. The WRKY domain was underlined. Sequence comparison between AmWRKY1 and four plant WRKY proteins. WRKY proteins aligned with Am (AmWRKY1) were Gm (from Glycine max, GenBank accession no. ABS18436.1), Ca (from Capsicum annum, GenBank accession no. ABD65255.1), Ib (from Ipomoea batatas, GenBank accession no. BAA06278.1) and At (from Arabidopsis thaliana, NCBI reference sequence NP_181381.2). Alignment of the amino acid sequences was obtained using CLUSTAL W with BOXSHADE (http://bioweb.pasteur.fr), in which gaps are marked as dashes and the conserved residues are highlighted in black, identical residues in dark gray and similar residues in light gray Ubiquitin proteins aligned with Am (AmUBQ) were Os (from Oryza sativa Japonica Group, GenBank accession no. AAX40652.1), Vv (from Vitis vinifera, NCBI reference sequence XP_002267452.1), Eg (from Elaeis guineensis, GenBank accession no. ACF06493.1), Hb (from Hevea brasiliensis, GenBank accession no. AAP31578.1) and Zm (from Zea mays, NCBI reference sequence NP_001147027.1). Alignment of the amino acid sequences was obtained as described in Fig. 2 transcription factor revealed that AmWRKY was highly responsive to mechanical wounding. AmWRKY expression spiked twice during the observation, first at 6 h (6-fold) and then again 30 days (9-fold) after wounding (Fig. 5) . At other time points, AmWRKY expression was moderately expressed (1.5-to 4-fold). AmPAL, the putative terpenoidassociated PAL gene in A. malaccensis, was also found responsive to wounding. In the first 9 h after wounding, AmPAL expression showed no difference in regulation. However, the expression was upregulated and reached its maximum level at 16 h (12.5-fold) after wounding (Fig. 5) . Later, a marked decrease in expression was evident 24 h (5-fold) after wounding, and stayed within that level for many days until the end of observation. Mechanical wounding was found to induce the upregulation of a putative PRgene in A. malaccensis. AmGLU expression levels were not altered in the first 12 h after wounding, but it was strongly induced to 22-fold at 16 h after wounding (Fig. 5 ). The levels of the genes decreased markedly 24 h after wounding and stayed at moderate levels until the end of the experiment.
Discussion
We isolated partial cDNA sequences of a transcription factor, a gene from the secondary metabolism group (from previous study), and a PR gene from A. malaccensis. All were differentially expressed during wounding. The designated AmWRKY partial cDNA encoding a polypeptide of 222 amino acids belongs to group I of the WRKY family. All WRKY proteins contain either one or two copies of WRKY domain. WRKY proteins are classified into three main groups (I, II and III) and group II is further divided into five sub-groups (a-e) based on the conserved amino acid motifs and the number of domains present in a protein (Eulgem et al. 2000) . The absence of a second WRKY domain in the sequence was due to the incomplete sequence at the N-terminal. We have also isolated a cDNA clone coding for putative β-glucanase. The β-glucanase sequence from A. malaccensis showed 81 % identities to soybean at amino acid level.
WRKY transcription factors are involved in regulating various plant-specific responses including defense to wounding and pathogen attack, and synthesis of secondary metabolites (Ulker and Somssich 2004) . The expression pattern of AmWRKY indicates that it could act as a transcription factor that rapidly responds to wounding. WRKY homologs in several plant species have shown similar response to wounding such as in Vitis vinifera (VvWRKY1) (Marchive et al. 2007 ) and several WRKY genes from tobacco plants (NtWRKY1, NtWRKY2) (Nishiuchi et al. 2004; Yamamoto et al. 2004) . Elevated levels of VvWRKY1 transcripts were detected after 2 h of wounding and declined within 8 h. In Arabidopsis thaliana, WRKY33 is triggered as a response to the fungal Hyaloperonospora parasitica induction (Lippok et al. 2007 ). This immediate response behavior indicates a role of WRKY proteins in regulating subsequently activated secondary response genes (Eulgem et al. 2000) . In A. malaccensis, AmWRKY transcripts were detected after 3 h of Fig. 5 Relative gene expressions in drill-wounded stem of Aquilaria malaccensis at 0 h (h) to 30 days (d) after wounding. Total RNA was isolated from the stem of a single tree as described in Fig. 1 . AmACT and AmUBQ genes were used as internal controls. Unwounded stem (0 h) was used as the calibrator for qRT-PCR analysis. Bars in the chart represent fold changes in relative expression as analyzed from three technical qRT-PCR replicates and the error bars represent standard deviations wounding, and stayed at variably higher level than control until 24-hours (Fig. 5) . Then the level dropped and increased again after 48-hour before it peaked at 30-day. From this expression pattern, we suspect that the first induction could be due to its rapid response to wounding elicitor, while the later could be a response to secondary attack such as from a fungal pathogen (Fig. 5) . In Arabidopsis, three WRKY genes were reportedly to have redundant functions, or work cooperatively as negative regulators that limit the growth of the bacterial pathogen Pseudomonas syringae and the fungal pathogen Botrytis cinerea (Xu et al. 2006) . Sometimes multiple WRKY transcription factors are required to trigger a series of defense responses. In a reaction to wounding by herbivorous insect in Nicotiana attenuata, NaWRKY3 transcripts have been shown to first accumulate in response to wounding, followed by the activation of NaWRKY6 against insect attack (Skibbe et al. 2008) . These are evidence that WRKY genes help plants to differentiate mechanical wounding from herbivore attack and mediate elicitor-specific defenses.
A dramatic increase was observed in AmPAL gene expression at 16 h post-wounding. This delayed expression was consistent with findings on its homologs in lettuce and citrus, where PAL transcript levels were only elevated after 12 to 24 h after wounding treatment (Campos et al. 2004; Kostenyuk et al. 2002) . AmPAL was upregulated at a fairly high level post 16-hour, which indicates its role in the phenylpropanoid pathway that is related to synthesis of secondary metabolites and lignin as plant general defense response.
In this study, the PR-gene, AmGLU expression was drastically induced to 22-folds, 16 h after wounding (Fig. 5 ). The expression levels were then rapidly reduced to 3-folds at 24-hour, climbed to 5-and 8-folds at 36 and 48 h, respectively, and went back to low levels (~2.5-fold) after 4 days. Elevated expressions of homologs of this gene by wounding have been reported in other species including cacao (Bailey et al. 2005 ) and soybean (Graham et al. 2003) . In addition, β-glucanase gene has defense-related biological functions and is known to inhibit growth of pathogenic fungi (Liu et al. 2010; Van Loon et al. 2006) . The upregulation of the gene at 16 h after wounding indicates the activation of defense response against pathogen may be evoked at this hour in wounded A. malaccensis (Fig. 5 ). Our observations revealed that fungal hyphae and fruiting bodies were detected within the wound areas beginning at 6-hour and continued to be seen in 4-day old wound (data not shown). We speculate that the presence of fungi at their optimum colonization rate could contribute to the upregulation of the gene at 16-hour. The drastic declination at moderate levels (36-48 h), perhaps could be influenced by different advancement rates of fungi or lower virulency of a fungal pathogen. At 4 days, the expression declined further, and the presence of mycelium was also diminishing (data not shown).
How genes respond to wounding and fungal infection has not been studied in A. malaccensis although the mechanism of agarwood synthesis is often associated to these two elicitors. However, several researchers have reported other substances as elicitors to agarwood compound, mainly the sesquiterpenes. Methyl jasmonate (MJ), an elicitor in plant defense responses has been shown to induce three types of sesquiterpene-based (α-guaiene, α-humulene and δ-guaiene) fragrance in the cell cultures of A. crassna (Okudera and Ito 2009) . Recently, genes encoding for δ-guaiene synthases have been cloned from MJ-treated cell cultures (Kumeta and Ito 2010) revealing for the first time genes that are directly involved in the synthesis of specific agarwood compounds. In addition, a gene encoding for farnesyl diphosphate synthase, an enzyme in oleoresin synthesis has also been cloned from MJ-induced callus culture of A. microcarpa (Kenmotsu et al. 2011) . Other genes that have been cloned from Aquilaria include the calmodulin (CAM) genes from callus culture of A. microcarpa, believe to have a role in signal transduction (Kenmotsu et al. 2010) .
We investigated molecular biological processes of wound-induced genes in A. malaccensis. We propose that wounding triggers the expression of WRKY transcription factors to coordinate defense output by regulating putative genes belonging to the metabolism and defense groups. Additional experiments are being conducted to further establish the role of these genes in mediating defense responses to wounding and pathogens, and their direct or indirect involvement in agarwood formation.
